were obtained, with and without TIF-2 peptide, and the pocket of the mLRH-1 LBD structure. Of possible were determined by MAD and SAD methods using seleligands ranging from 680-780 Da, the most prominent nomethionine substituted proteins, respectively (Madspecies were found to be 747 and 721 Da, consistent auss et al., 2004). The structure of hLRH-1 was detwith two common bacterial phospholipids, phosphatiermined by molecular replacement using the atomic dyl glycerol (PG) and phosphatidyl ethanolamine (PE). coordinates for hSF-1. The current best structures are Denaturing negative electrospray ionization assigned the refined to 1.2 Å, 2.5 Å, and 2.5 Å for mSF-1, hLRH-1, and prominent ligand species as PG ( Figure 2C ); confirmation hSF-1, respectively. Relevant features of data collection of this assignment was provided by the atomic crystal and refinement statistics for each protein crystal are structure of mSF-1, where the head group of the phosprovided in Table 1 . All three LBDs exhibit a characterpholipid was determined to be glycerol rather than ethistic protein fold noted for other LBDs, with 12 α helianolamine ( Figure 2D ). Mutating Ala270 to Trp in helix ces, two β strands, and helix H12 positioned in an H3 of mSF-1, which would fill the pocket and disfavor active conformation (Figure 1) . A fourth layer is proligand binding, eliminates all detectable PG ligand from vided by a structured helix H2, as previously shown for the pocket by mass spectrometry (A270W, Figure 2B ). mLRH-1, although the position and length of this helix Electron densities maps of mSF-1 or hSF-1 (± TIF pepare the most varied features as judged by comparison tide) showed nearly identical conformation of a phosphoof mSF-1 with hSF-1 LBD ( Figure 1C ) and mLRH-1 with lipid containing two fatty acid chains (C16 and C18) occuhLRH-1 ( Figure 1D ). Upon refinement of these three pying nearly the entire hydrophobic pocket; only LBD structures, additional electron density was present hydrophobic interactions are observed between the in the ligand binding pockets consistent with the pres-C16 and C18 chains and surrounding residues (Figures ence of a phospholipid; the presence of ligand con-2D, 2E, and Supplemental Table S1 ). Atomic resolution trasts the reported structure of mLRH-1 showing no structure of mSF-1 LBD confirmed the presence of density inside or at the opening of the pocket. double bonds at the C9 position in both chains within The nature of this phospholipid was further characthe bound phospholipid. The large pocket sizes of hSF-1 terized by nondenaturing mass spectrometry of LBD and hLRH-1 are similar to that reported for the mLRH-1 proteins used for crystallization. Spectra were consis-LBD, easily accommodating two tails of the phosphotent with two principle series of ions consisting of both lipid. In hLRH-1, the ligand adopts a similar conformaligand bound and apo-proteins. Comparison of all four tion or path as found for SF-1; however, the density is LBD protein solutions showed the presence of phosless ordered and the lower resolution prevented absopholipid in SF-1 and hLRH-1 but with a much lower lute assignment of the head group (data not shown). concentration in mLRH-1 where only w10% is bound Nonetheless, we find that all phosphates are positioned by ligand (Figures 2A and 2B Phosphatidyl Inositol Phosphates Are Selectively eukaryotic phospholipids, including phosphatidyl inositols (PIs), using immobilized lipids on nitrocellulose, as Bound by SF-1 and hLRH-1 While our structural studies indicate that bacterially exdescribed in Experimental Procedures. Of the common eukaryotic phospholipids, mSF-1 and hLRH-1 selecpressed SF-1 and LRH-1 can bind to phospholipids, the nature of a bona fide ligand in eukaryotic cells remains tively bound the PIP 2 and PIP 3 phosphatidyl inositol species 2-to 3-fold better than the pocket mutant prounknown. We tested the ability of mSF-1 to bind and maximum likelihoods were used to evaluate two hypotheses concerning the function of the common ancestor of the entire NR5A subfamily-that the ancestor Species Difference in the Ligand Binding Pocket The structures of NR5A receptors allow us to identify was liganded (H 1 ) and that it was unliganded (H 0 ). Under H 1 , a single loss of ligand binding is required on the specific elements that facilitate phospholipid binding in the mouse and human SF-1s and human LRH-1 but dibranch leading to the rodent LRH-1, whereas H 0 requires ligand binding to have been gained indepenminish it in mouse LRH-1. For all receptors, only hydrophobic interactions are made between the 33 residues dently in the SF-1 and human LRH-1 lineages. H 1 is therefore the most parsimonious hypothesis. A maxicontacting the PG phospholipid; residues contacting the ligand are listed for all four LBDs (Supplemental Table  mum likelihood analysis assuming that ligand binding can be gained or lost under a simple reversible Markov S1). Direct comparison of these residues shows conserved changes between SF-1 and LRH-1, with most process also supports H 1 , albeit nonsignificantly, indicating a loss of ligand binding in rodent LRH-1s (likelidifferences adding mass to unoccupied space in the mLRH-1 ligand-free pocket. However, when comparing hood ratio = 3.05).
To increase the power of our analysis, we analyzed species, a cluster of nonconserved residue changes that span helices H6-H7 is noted between human and the evolution of the key sequence sites that have been structurally identified as critical for ligand binding in mouse LRH-1 ( Figure 7A) ; on the other hand, only one residue difference occurs between mouse and human NR5A receptors. Although functional data from structures likelihood reconstruction, we calculated the likelihood of each anmixed in chloroform/methanol and dried under reduced pressure cestral state 0 (no ligand binding) and 1 (ligand binding) as the to form a lipid film. Lipids were as follows: 1-palmitoyl-2-oleoyl-snprobability of evolving the terminal states in mLRH-1, hLRH-1, glycero-3-phosphate (PA) and 1-palmitoyl-2-oleoyl-sn-glyceromSF-1, and hSF-1, given the phylogeny that relates these genes, 3-phosphocholine (PC) were from Avanti Polar Lipids (Alabaster, and a simple reversible Markov process for transitions between Alabama), and 1,2-dipalymitoyl-sn-glycero-3-phosphoinositol 3,4-states 0 and 1 (Pagel, 1999) . The probability P ij of observing a state bisphosphate (PI(3,4)P 2 ) and 1,2-dipalymitoyl-sn-glycero-3-phoschange on a tree branch of length k is P ij = phoinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ) were from Echelon Biosciences Inc (Salt Lake City, Utah). Liposomes were formed at 
